Abstract: Double Nakagami-m fading model can be used to provide a realistic description of the mobile-to-mobile (M2M) channel. The moment generating function (MGF)-based approach is used to derive the symbol error probability (SEP) expressions for the multiple-mobile-relay-based M2M system. Under the consideration of better performance and lower complexity, both decode-and-forward (DF) and amplify-and-forward (AF) protocols are addressed in this study. For adaptive DF (ADF) relaying, the asymptotic SEP at high signal-to-noise ratio regime in addition to the exact SEP formulations are derived. Furthermore, the impacts of channel estimation error for the insight of non-ideal channel estimation are analysed. For fixed-gain AF (FAF) relaying, the authors present approximate SEP and asymptotic SEP to indicate the cooperative gain. For L mobile relays and under the assumption of independent and identically distributed (i.i.d) source-relay channels and i.i.d relay-destination channels, it is shown in this paper that asymptotic diversity orders of L × min
Introduction
Mobile-to-mobile (M2M) communications, in which both the transmitter and the receiver are in motion and their antennas are relatively at low elevations, have attracted considerable attention in recent years. Extensive studies on simulation, modelling and statistics property of such communication channels have been reported in [2 -9] . According to their investigation, the conventional fixed-to-mobile (F2M) fading models, such as Rayleigh fading and Nakagami-m fading, have been invalidated in M2M scenarios, since scatterers are both around the transmitter and the receiver.
Based on the assumption of geometrical two-ring scattering model, Pätzold et al. [2] have concluded that the amplitude of channel fading has double-Rayleigh distribution. Also, it has been shown in [5 -8] that double Rayleigh fading, which takes into account the double scattering effect, leads to different statistical properties and performance degradation compared to classical Rayleigh fading. In order to describe the fading envelope distribution of the realistic M2M channel more generally, the researchers lean to model M2M channel as double Nakagami-m distribution, which takes the double Rayleigh distribution as one special case and thus brings new challenges in the area of M2M communications [9 -13] , especially cooperative M2M communications.
With respect to M2M communications, two related aspects, cooperative diversity and channel estimation error, have attracted considerable attention and will be addressed in this paper. It is known that cooperative diversity is one of efficient technologies to combat the effect of multi-path fading for conventional scenarios with fixed base station [14 -20] . Cooperative diversity can bring distributed spatial diversity by adopting multiple surrounding nodes as relays, which process the signal transmitted from the source and re-transmit it to the destination. As two commonly used protocols within the research of cooperative diversity, the decode-and-forward (DF) and amplify-and-forward (AF) protocols have been extensively studied during the past few years. It has been shown that the cooperative technology, in which L relays forward the sources information over orthogonal channels, are able to gain full diversity order (DO) equal to L + 1 over Rayleigh fading channels and (L + 1) × m over Nakagami-m fading channels [18] . It can be concluded that the performance could also be improved in M2M scenarios by utilising cooperative technologies. However, these investigations mainly focus on conventional F2M channels. There are a few papers that address the performance analysis of cooperative M2M system, such as [8, [11] [12] [13] . İlhan et al. [11] , investigate the pairwise error probability (PEP) for the single-AF-assisted inter-vehicular communication over double Nakagami-m fading and illustrated its improvement over direct inter-vehicular communication. Instead of PEP analysis, Gong et al. [12] analyse the exact symbol error probability (SEP) and the asymptotic SEP performance for single-DF-assisted M2M scheme under the assumption of ideal channel state information (CSI). According to our analysis, an asymptotic DO of 2 × min(m 1 , m 2 ) can be achieved in case of independent and identically distributed (i.i.d) channels, where m 1 and m 2 are two key parameters to describe the double Nakagami-m channels. More recently, results on single AF relay are also given in [21] . One contribution of this paper is to extend the results in [12] into multiple DF/ AF-assisted M2M scenarios. Taking into account various DF/AF cooperative protocols proposed recently, two typical scenarios were studied under the consideration of better performance and lower complexity, respectively. For DF cooperation, the adaptive DF (ADF) [15, 18, 19, 22] , with which relay nodes can decide the rightness of decoded signals, is preferred for its better performance. As a comparison, fixed-gain AF (FAF) is selected, since it can decrease the complexity of relay nodes because of the fact that the relays are not required to know the fading amplitudes in such a scenario.
On the other hand, because of the distortion of pilot signals, the impact of channel estimation error on cooperative communications has attracted much attention in traditional F2M scenarios [23 -27] . Han et al. [24] evaluated the biterror-rate (BER) performance of the multi-node AF cooperative transmission in the presence of imperfect channel estimation. Wu and Pätzold [25, 26] derived an accurate SEP expression for AF cooperative communication with channel estimation error. Furthermore, Ibrahim and Liu [27] investigated the impact of DF cooperative communication and utilised outage probability and signalto-noise ratio (SNR) gap ratio to characterise it. All the above-mentioned results show that imperfect channel estimation can cause dramatic performance degradation in wireless cooperative networks. However, most papers on cooperative communication are limited to performance analysis under Rayleigh fading channel. Besides the researches on conventional F2M scenarios, Patel and Stüber [6] studied the channel estimation by utilising the autocorrelation characteristics of the M2M link. However, the authors did not consider the theoretic performance analysis of the M2M scenario. More recently, Hadizadeh et al. [13] , taking into account the impact of the channel estimation error, derived a semi-analytical BER expression for single AF cooperation systems over double Rayleigh fading. However, the BER expression is not straightforward in consideration of the triple integrals in [13, Eq. 23] . Another main contribution of this paper is to present a concise SEP expression to illustrate the impact of channel estimation error on cooperative M2M communications.
In conclusion, to the best of the authors' knowledge, accurate theoretical SEP expressions, for multiple-relayassisted cooperation M2M systems over double Nakagamim fading, have not been derived yet. The impacts of non-ideal channel estimation on M2M communication are still unclear. By using the widely studied moment generating function (MGF)-based approach, we address the SEP expressions of the multi-node ADF/FAF cooperative communications for M-phase shift keying (M-PSK) and M-quadrature amplitude modulation (M-QAM) signals, with or without channel estimation error. We consider the dualhop cooperation system with L relays. The general double Nakagami-m fading is adopted to model the M2M channel.
System model
The multi-node dual-hop cooperation M2M model considered in this paper includes a single source node (MS), a single destination node (MD) and L relay nodes (MR), as shown in Fig. 1 . All nodes are mobile and equipped with a single pair of transmitter and receiver antennas. The cooperation protocol is realised over L + 1 consecutive time slots. During the first time slot S 1 , the source node broadcasts the transmitted symbol to both the relay nodes and the destination node with transmission power P 0 . Afterwards, the lth relay processes the received signal and forwards it to the destination node with the transmission power P l during the following (l + 1)th time slot S l+1 . Finally, the destination node combines the L + 1 copies of independent fading signal paths using maximal ratio combining (MRC).
The received signal r SD , r SR l in the first time slot S 1 can be expressed as
where x denotes the transmitted complex symbol with unit power. n i is zero-mean Gaussian white noise with the corresponding variance N i . h i is the complex channel coefficient for the dedicated channel link i. We assume h i follows the double Nakagami-m distribution in this paper.
2 represent the square of the amplitude h i , where h i,1 and h i,2 are two independent, but not necessarily identically distributed (i.n.i.d) Nakagami-m random variables (let m be m i,1 and m i,2 , respectively). The probability density function (PDF) and MGF of Y i are written, respectively, as [9] 
where
] represent the power of h i,1 and h i,2 , respectively. In the following, we focus on two most commonly used cooperative protocols -ADF and FAF.
1. ADF: At the time slot S l+1 , the lth relay node decodes its received signal and re-encodes the signal to transmit if it is correctly decoded. The received signal at the destination node is given by [15] 
where if the symbol is correctly decoded,
Setting the amplifying gain of lth relay node as a l , we have
For fixed-gain relaying, the amplifying gain is independent of the instantaneous channel fading, a l can be written as [6] 
where s 2 SR l denotes the variance of channel fading h SR l , s
and N SR l represents the noise variance of the source-lth relay channel.
Performance analysis of the ADF-M2M communications
In this section, we address the exact SEP and asymptotic SEP expressions of the ADF-M2M system over double Nakagamim fading channels. We extend the results in [12] into the scenario with multiple relays. We assume that ideal CSI is known for both the destination and the relay nodes.
Effective SNR
If MRC method is used, the output SNR at the destination node with ideal CSI has been known as [16, 18, 27] 
denote the instantaneous SNRs of the source-destination channel and the lth relay -destination channel, respectively. Beaulieu and Hu [28] and Lee and Tsai [18] gave two different strategies to evaluate the performance of multiple DF cooperation scheme, respectively. In [28] , the PDF of l l is utilised to derive the expression of outage probability; whereas in [18] , to obtain the average SEP assisted by L relays, a binary vector B with L elements as B ¼ [l 1 , . . . , l L ] is defined. We adopt similar strategy as [18] for ease of presentation of the following asymptotic SEP expression. Let B n be one specific realisation of B. Given B n , the instantaneous SNR can be written as
where B n (l ) is the lth term of B n and n ranges from 0 to 2 L 2 1.
Exact SEP
The average SEP can be obtained by averaging over all the possible values of B, thus
where I u (x) is an integral function and g is a constant dependent on modulation types [29] . For M-PSK signals, I u (x) and g are defined as
x du and g ¼ sin 2 (p/M ), respectively; whereas for M-QAM signals, we have
Moreover, 1(B ¼ B n ) denotes the probability that B ¼ B n occurs and can be determined as
Since the received SNR at the lth relay node is g SR l = P 0 |h SR l | 2 /N SR l , the SEP of the source-lth relay link P SR l ,e can be calculated as (12) by using (3).
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Similarly, we obtain
and
where the average SNR
It should be noted that (10) can be numerically evaluated through commercially available mathematics software, for example, MAPLE. In addition, (10) can be simplified when some specified scenarios are considered. Before we continue the analysis in Section 3.3, we constrain ourselves to the following two typical cases.
Case 1: In this case, the source and relay nodes, which are close to each other, form a cluster. The destination node is assumed to be a mobile base station, as being pointed out in [18] . We further assume all the channels to the destination are i.i.d, that is, m SD,1 = m RD l ,1 = m 1 and m SD,2 = m RD l ,2 = m 2 for all possible l. Similarly, we have m SR l ,1 = m SR,1 and m SR l ,2 = m SR,2 under the assumption of that all the source -relay channels are also i.i.d. However, the channels to the destination node and the channels to the relay nodes are i.n.i.d. It is reasonable for this case to limit min(m SR,1 , m SR,2 ) . min(m 1 , m 2 ). In addition, we assume that all the channels experience noises with the same variance N 0 . We consider P 0 + P 1 + . . . + P L ¼ 1 and equal power allocation is adopted, that is, each relay is assigned the same transmission power (10) can be simplified as
where P SR,e and M g RD (·) have the same forms as (12) and (14) except that m SR l ,k and m RD l ,k are replaced by m SR,k and m k , respectively.
Case 2: Assume all the nodes are almost equally distributed. We reasonably assume all the channels are i.i.d double Nakagami-m with
All channel coefficients can be generated by using h ¼ h 1 h 2 , where h 1 and h 2 are two independent random variables following Nakagami-m 1 distribution and Nakagami-m 2 distribution, respectively.
In this scenario, P 0 ¼ P l /1(L + 1) and (7) is simplified as
Asymptotic SEP
It is not straightforward to understand the diversity performance based on (10) [or (15) or (16)] because of the integral of Meijer's G function. In this section, we devote ourselves to asymptotic SEP for the expectation of presenting the readers a clear understanding of DO. To achieve this goal, some additional mathematical strategies, which are different from the approaches used in [18] , will be adopted because of the double Nakagami-m fading model. Fortunately, our research in [12] shows that using the series transformation can achieve a quite compact asymptotic SEP and can be used as a valid tool for obtaining an intuition of the diversity gain of the M2M system. In order to analyse an asymptotic behaviour on P DF,e , we need to first establish the following lemma.
Lemma 1: Let relay -destination channels be i.i.d, the asymptotic SEP can be expressed as
Proof: See Appendix 10.1. Now, our main result on ADF-M2M can be stated as Theorem 1 below.
Theorem 1:
The effective DO achieved by ADF-M2M is
The proof of Theorem 1 is given in Appendix 10.2. Specifically, for Case 2 in Section 3.2, it readily reveals that m 2 ) , which leads to the same result as given in [12] in case of L ¼ 1.
Approximate SEP of the FAF-M2M communications
In this section, we address the approximate SEP performance of FAF-M2M scheme under ideal CSI. We assume MRC method is adopted at the destination node. For FAF relaying, the output SNR at the destination node can be calculated as [16, 24, 30] 
denotes the expectation of the variable g SR l . To continue, one should determine the PDF or MGF of g l . As far as we know, a convenient mathematical method to obtain them exactly is still unachievable, just as illustrated in [16] and [30] . Karagiannidis et al. [30] adopt the inequality
to obtain a coarse lower bound. One reason for us to discard this kind of approximation is due to the fact that the MGF of g SR l g RD l √ is too complicated to obtain its compact form. Another reason is that the gap between theoretical analysis and numerical simulation may be large, especially with small channel parameter m, owing to the inherent characteristic of arithmetic-geometrical inequality. In this paper, we replace g RD l in the denominator by its expectation g RD l and approximate
Its validity will be illustrated in Section 6. Thus, the approximate SEP can be expressed as
where the approximate MGF of g SD can be found as (34), and the MGF ofĝ l can be written as (21) by using the results of multiple-hop communications in [30] . 
Thus, we obtain the lemma below. 
Proof: See Appendix 10.3. Now, our main result on FAF-M2M can be stated as Theorem 2 below. 
The proof of Theorem 2 is similar with Theorem 1. To save space, the proof of Theorem 2 is omitted.
Impact of channel estimation error
Ideal CSI is assumed to be known at the destination and relay nodes in previous discussion. However, according to the results of conventional F2M fading channels, error performance may be severely degraded in the presence of channel estimation error. However, the impacts of channel estimation error on the SEP performance of cooperative M2M communications over double Nakagami-m channels are not clear yet. As a consequence, we try to fill this gap in this section. We focus on DF protocol mainly because it has been provided with the exact SEP expression in Section 3. Nevertheless, approximated evaluation methods described in this section can also be used to analyse AF protocol.
To simplify our analysis, we have h i =ĥ i + e i by settingĥ i as the estimated channel fading of h i , where e i is the channel estimation error and is independent ofĥ i . Throughout this paper, e i is the complex Gaussian variable with the variance s 
Exact SEP with channel estimation error
In the presence of channel estimation error, the signal at lth relay node can be decoded as [24] 
Then, the instantaneous SNR at the lth relay node can be calculated asĝ
If MRC method is used at the destination node, the combined signal can be expressed aŝ
The output instantaneous SNR at the destination node can then be calculated aŝ
l lĝRD l (27) Note that the instantaneous SNRĝ SR l is a simple function of |ĥ SR l | 2 . Asĥ SR l is an estimation of h SR l , the PDF of |ĥ SR l | 2 is assumed to have the same form as the PDF of |h SR l | 2 . This approximation will be verified in the next section.
By following the similar strategies from (10) to (14), we attain
From (28), we can find the SEP expression with channel estimation error has the same form as that with ideal channel estimation, except that the MGF
Equations (28) and (10) readily reveal that the SEP performance with channel estimation error is degraded since ĝ i, j is reduced by introducing the variable s 2 e .
Asymptotic SEP with channel estimation error
Under the high SNR assumption, we focus on the scenario of Case 1 in Section 3, (28) can be simplified by choosing the two most significant terms.
Thus, the asymptotic SEP is derived aŝ
By using the binomial theorem, (30) arrives at
As SNR goes to infinite, ĝ i, j goes to ((s 2 h,i − s 2 e )/s 2 e ), which is a constant independent of transmission power P j . As ĝ i, j does not go to infinite as SNR does, error floor will happen.
Performance evaluations
Computer simulations are performed to verify the analytical results. Without loss of generality, we set V i,1 ¼ V i,2 ¼ 1, and set SNR as P/(N 0 ). All simulations in this section adopt equal power allocation (EPA). We further assume i.i.d relay-destination channels and i.i.d source-relay channels, and all of them are independent of the source-destination channel. We also assume the channels to relay nodes and the channels to destination node are i.n.i.d. In order to investigate the asymptotic performance and the error floor, we focus on the SNR values range from 10 to 50 dB, despite the fact that the SNR as high as 50 dB is unrealistic for most of the modern wireless communication systems.
As tabulated in Table 1 , four kinds of channel parameters are defined, where the shaping factor m ranges from 0.5 to 2.5. We consider the scenarios in which the source-destination channel experiences more severe fading than other channels, that is to say, the smaller m SD is preferred. To illustrate the applicability of the derived asymptotic SEP expressions, CH I and CH III are selected by a common feature m 1 ¼ m 2 . To verify the attained diversity gain, we carefully select parameters to assure that CH I and CH II have the same calculated DO, whereas CH III and CH IV have different DOs. 
Numerical results under different channel factors for M-DF/AF-M2M systems
, it can be observed that asymptotic SEP curves under different channel parameters are asymptotically tight with simulation curves in the high SNR region, which show the accuracy of the asymptotic SEP expression given by (17) . Similarly, Fig. 3 depicts the SER of the FAF-M2M system against different SNRs for 4-PSK, 8-PSK and 16-QAM. SER curves over CH III are omitted to avoid confusion, since these curves make the above figures undistinguishable. Almost the same results as concluded in DF scenarios can be obtained except that the theoretical SEP curves have small gaps with their corresponding simulation ones. These gaps are due to the expectation approximation adopted in the derivation of (20) . Compared with the results given in [30] , the gaps caused by the approximation have been reduced to an upper limit of 2 dB. Furthermore, compared with the channels in ADF-M2M system, the cascaded source-relay and relaydestination channels actually have 4 × Nakagami-m distribution [9] . In order to simplify (45), we reasonably assume the term (g g l /(m 1 m 2 m 3 m 4 sin 2 u)), in which the value is dependent on the effective SNR g l , is greater than one in Section 5. It should be pointed that the asymptotic SEP will be more accurate if g l is larger. Simulation results are agreed with our analysis.
Analysis of asymptotic diversity gain
From Figs. 2 and 3 , we see the same trend, that is, the DF/AF cooperation can always substantially improve the SER performance of M2M communication in the whole SNR region. The more relays are used, the more improvement is obtained. According to (18) and (23) Table 1 , where AF and DF have the same DO for the four cases. For example, the four curves included by the rectangle in Fig. 2a are nearly parallel, which indicate that their corresponding DOs are approximately equal, that is, 2.1, 2.0, 2.3 and 2.1, respectively. Similar results can also be observed from other figures. In addition, although ADF-M2M and FAF-M2M schemes have similar DO, the former always outperforms its corresponding FAF-M2M competitor in all considered cases at a cost of more complicated relays. DF cooperation can bring larger performance gain than AF cooperation for that the relay adopting DF protocol can eliminate the noise effect of the source-relay link regardless of the channel model.
Impact of channel estimation error
Figs. 4a and b depict the SER against different SNR values for 8-PSK with one DF relay and two DF relays, respectively. The variances of channel estimation error in with relay number L ¼ 1 and 2. The slight difference between them attributes to the assumption of following double Nakagami-m distribution for the estimated channel fading. Second, increasing the number of relay can improve the performance and reduce the negative impact of channel estimation error. Third, the gaps between error floor and simulated SER are different for CH I and CH II, in fact, the gaps are mainly up to the MS-MR link quality, that is, those channels with smaller m SR are more sensitive to the channel estimation error. Finally, from Figs. 4a and b, it can be observed that error floor by (31) can be decreased by improving the performance of channel estimation, but cannot be absolutely eliminated if channel estimation error exists. The error floor can be further decreased if the relay number is increased. Fig. 5 compares the simulations and theoretical error floors of ADF-M2M communications, where L ranges from 1 to 6, and 8-PSK and CH II are used. From Fig. 5 , it is concluded that the negative impact of the channel estimation error can be reduced by increasing the relays. It is due to the fact that the performance can still be improved by combining the multiple relaying signals although the network cannot achieve the ideal DO when channel estimation error exists. Especially, to achieve SER of 10 24 , the required error variances of channel estimation with L ¼ 2 and 3 should be ,0.002 and 0.006, respectively; whereas for L . 3, the required error variances of channel estimation can be allowed to be .0.01.
Conclusions
We address the SER performance of multiple-relay-assisted cooperation in M2M communications. Theoretical SEP expressions of the ADF-M2M and FAF-M2M communications developed in this paper are sufficiently exact over M2M fading channels modelled by the double Nakagami-m distribution. The uncoded SEP expressions readily reveal that cooperation technologies are also efficient to enhance the performance of M2M communications. In the presence of channel estimation error, it is shown that performance degradation and error floor can be improved by node cooperation. It should be noticed that double-Nakagami-m model is suitable to give a basic understanding of the diversity behaviour of the M2M relaying system. For more realistic channel models, the readers can refer to [2-5, 31 -33] . 
By using binomial theorem, (38) comes to a very compact form (17) .
This completes the proof of Lemma 1. A
Proof of Theorem 1
With EPA, we have g SD,0 = g RD,1 = g. The asymptotic DO of (17) can be expressed as 
